ABSTRACT: When fabricating photonic crystals from suspensions in volatile liquids using the horizontal deposition method, the conventional approach is to evaporate slowly to increase the time for particles to settle in an ordered, periodic closepacked structure. Here, we show that the greatest ordering of 10 nm aqueous gold nanoparticles (AuNPs) in a template of larger spherical polymer particles (mean diameter of 338 nm) is achieved with very fast water evaporation rates obtained with near-infrared radiative heating. Fabrication of arrays over areas of a few cm 2 takes only 7 min. The assembly process requires that the evaporation rate is fast relative to the particles' Brownian diffusion. Then a two-dimensional colloidal crystal forms at the falling surface, which acts as a sieve through which the AuNPs pass, according to our Langevin dynamics computer simulations. With sufficiently fast evaporation rates, we create a hybrid structure consisting of a two-dimensional AuNP nanoarray (or "nanogrid") on top of a three-dimensional polymer opal. The process is simple, fast, and one-step. The interplay between the optical response of the plasmonic Au nanoarray and the microstructuring of the photonic opal results in unusual optical spectra with two extinction peaks, which are analyzed via finite-difference time-domain method simulations.
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Comparison between experimental and modeling results reveals a strong interplay of plasmonic modes and collective photonic effects, including the formation of a high-order stopband and slow-light-enhanced plasmonic absorption. The structures, and hence their optical signatures, are tuned by adjusting the evaporation rate via the infrared power density. KEYWORDS: self-assembly, plasmonics, photonics, coupling, gold nanoparticles, inverse opal, evaporation, IR heating P eriodic nanostructures have a wide range of applications including antireflection coatings, 1 self-cleaning films, 2 sensors, 3,4 metamaterials, 5 and devices for energy harvesting. 6 Among the methods for the fabrication of periodic nanostructures, self-assembly methods are particularly attractive because of their numerous benefits, including low cost and simple processing steps. 7 Vertical 8 and horizontal 9 deposition of nanoparticles from a carrier solvent are established methods for the fabrication of periodic nanostructures.
For both types of deposition method, several groups have investigated how the quality of an ordered nanoparticle assembly is affected by various parameters, e.g., the evaporation rate (controlled via humidity, 10 air pressure, 11 solvent volatility, 12 etc.), the withdrawal speed of the plate in confined geometries, 13 the particle concentration, and the particle size ratio in bimodal blends. 14 Horizontal deposition is considered to be a low-cost and fast method with the ability to be employed in the large-scale fabrication of colloidal crystals. 15 Its main advantage lies in its ease of use and relatively low technical difficulty compared to vertical deposition methods. The environmental conditions (for example, the temperature, pressure, and humidity) during the drying process have a pronounced influence on the structure obtained via the horizontal deposition method. However, according to previous reports, the method typically suffers from long drying times, which are conventionally used in colloidal crystallization from liquids to obtain a high degree of periodicity and order. 16 This time inefficiency presents a major obstacle to the widespread adoption of the horizontal deposition method.
The aim of most published work on particle assembly is to create either 2D structures (colloidal monolayers, nanomeshes, 17, 18 ring structures, 4 and arrays of nanocavities 19 ) or 3D structures (opals and inverse opals). In recent years, hybrid colloidal crystals, which consist of 2D plasmonic arrays on photonic crystals, 20 are of growing interest. Hybrid structures combine aspects of plasmonics and photonics. 21 The strong synergetic effect of plasmon excitation and the photonic band gap results in materials with advanced optical functionalities that enable the control of the propagation, emission, and extinction of light on the nanoscale. These materials represent a promising platform for novel light sources and sensors. 20 The broad variety of designs for 2D nanoarrays and 3D structures results in a vast number of possible hybrid architectures. Hence, a rapid fabrication method will be highly beneficial to progress in this field.
Here, we introduce a fast, efficient, and low-cost fabrication method to achieve the colloidal self-assembly of a hybrid structure consisting of a (quasi) two-dimensional (2D) gold nanoparticle network (which we call a "nanogrid") and a threedimensional binary colloidal crystal (3D bCC). Surprisingly, a highly ordered periodic nanostructure is obtained only with a high evaporation rate induced with infrared radiative heating. In our previous work, we spatially modulated the infrared power density across the surface of a wet colloidal film. 22 We showed that nanoparticles could be transported laterally in the plane of the film to create dome-like surfaces in a periodic array. In the present work, we have discovered that the fast evaporation rates obtained with infrared heating drive the assembly of nanoparticles at the descending film surface.
We show how the ordering of the nanostructure benefits from shorter fabrication times, which contradicts the commonly held belief that slow drying with long assembly times is needed to obtain structures with a high degree of periodicity. Additionally, we show that the surface morphology of the hybrid structures obtained can be adjusted simply by changes in the evaporation rate without the need for a sophisticated experimental setup or additional processing steps.
The combination of the controlled materials fabrication with advanced structural characterization and optical experiments allows us to relate the specific structure of these new hybrid plasmonic−photonic crystals with their optical properties. An intricate interplay between plasmonic resonances and photonic band structure effects is found, which shows the promise of fast evaporative techniques in achieving new types of hybrid optical materials.
RESULTS AND DISCUSSION
Fabrication, Optical Properties, and Structure of Colloidal Nanogrids. Stabilized gold nanoparticles (AuNPs), approximately 10 nm diameter, in water were blended with spherical acrylic copolymer particles (338 nm) in water. 22 The dispersions were cast as films and dried over a range of evaporation rates, which are expressed as the velocity at which the water surface falls downward during drying and which were determined experimentally. Figure 1a shows UV−vis−NIR spectra from a series of dried thick films of AuNP/polymer particle blends fabricated using different evaporation rates, E, in descending order between 2.08 × 10 −6 and 0.36 × 10 −6 m s −1 . This range of Ėwas achieved by using near-infrared (NIR) radiative heating with a corresponding range of power densities. The spectra obtained from films dried normally under ambient conditions (Ė= 1.1 × 10 −7 ms −1
) and slowly dried under high humidity (Ė= 3.2 × 10 −9 ms −1 ) are included for comparison. The spectrum of the fastest dried film shows two pronounced peaks with maxima at λ max,I = 574 nm and λ max,II = 716 nm. The intensities of the peaks weaken when the evaporation rate is slowed, even though the gold concentration in all films is identical. Moreover, the assembly time increases from only 7 min for the fastest evaporation rate to more than 2 h under ambient conditions. Notably, the spectra for the normally and slowly dried films show only a broad extinction across the whole range of measured wavelengths without any specific spectral features as a signature of a periodic structure. Periodically structured materials show a specific optical response, for example, through extinction over a certain wavelength range. Variations in the structure cause changes in the spectrum, which are visible through shifts of peaks and an increase or decrease in the signal intensity. 23, 24 The development of the spectra in Figure 1a strongly indicates that a highly periodic structure can be fabricated on a short time scale through rapid drying in a horizontal deposition process.
The SEM images in Figure 1b −d show the surface structure that was fabricated using the fastest evaporation rate (Ė= 2.08 × 10 −6 m s
−1
). In these images, the polymer particles appear dark, and the AuNPs appear white. The polymer particles are arranged in ordered hexagonal arrays at the surface, and the AuNPs are arranged in connected rings around the larger particles. A fast Fourier transform of Figure 1c , shown in the inset in Figure 1d , confirms the nearly perfect hexagonal symmetry of the polymer particle array. The mean center-to-center distance of the polymer particles is 351 ± 2 nm, which is only slightly greater than the distance found in the absence of the AuNPs (see Table S1 and Figure S1 in the Supporting Information). Hence, we conclude that the polymer particles are in close contact, and the AuNPs are resting in the valley space between particles, with no more than a single AuNP layer separating the larger polymer particles. In the following discussion, we describe the AuNP arrangement as a nanogrid.
Rutherford backscattering (RBS) analysis was conducted to determine the vertical distribution of the AuNPs within the films (normal to the substrate). Figure 1e shows that there is a high concentration of Au, c Au , at the top surface in the nanogrid, above a depleted layer, which is attributed to the first layer of polymer particles. The 10 nm AuNPs are small enough to occupy the voids between the close-packed polymer particles in the underlying layers. The first three layers of polymer particles can be identified through the oscillation in c Au (labeled as A−C in Figure 1e ). The spacing between the marked peaks is on the same order of magnitude as the polymer particle diameter. Deeper layers cannot be identified because of energy straggling effects of the ions. The labels (i−iv) mark the positions of AuNP enrichment, which are presumed to correspond to the 2D nanogrid
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Article layer at the top and the planes of AuNPs filling the interparticle space between the hexagonally packed layers, as is schematically illustrated in the inset diagram. The wavelength of the oscillations in the Au concentration closely matches the spacing of the hexagonally packed layers in a colloidal crystal of 338 nm particles. We found that if the structure was heated at 340°C in a convection oven for 7 min to sinter the AuNPs, the polymer phase could thereafter be dissolved in toluene to leave a freestanding nanogrid sheet, as is shown in Figure 1f .
In summary, the results of the RBS analysis in combination with scanning electron microscopy (SEM) indicate a hybrid structure, which consists of a 3D binary colloidal crystal (closepacked polymer particles in which the interstitial space contains AuNPs) with a 2D nanogrid structure at the surface. The mechanism of the structure formation is considered next.
Influence of Evaporation Rate on Particle Ordering and Structuring. The vertical distribution of colloidal particles in a drying layer is determined by a competition between evaporation, which sweeps up particles at the top surface, and diffusion, which redistributes the particles evenly. For a film with an initial thickness of H, the rates of the two processes are compared via a Pećlet number, given as Pe = HE/D S , where D S is the Stokes−Einstein diffusion coefficient of the particles. 25 Only when Pe > 1, and evaporation is fast relative to diffusion, will particles accumulate near the top of the drying film surface. When Pe < 1, diffusion is fast relative to evaporation, and hence the particles will be distributed uniformly in the direction normal to the substrate during the drying process. D is inversely related to particle size through the Stokes−Einstein equation, which means that slower-diffusing large particles are more prone to be found at the surface of a drying film compared to small particles.
In blends of large and small particles, each population of particles has a Pećlet number, represented as Pe L and Pe S , respectively. In the regime where Pe S < 1 < Pe L , a diffusive model 26 predicts that stratification of particles by size will occur, with a greater concentration of large, slow-diffusing particles developing at the top surface. However, our experiments using NIR-assisted heating, in which Ėis fast, are in the regime where Pe L and Pe S both have values well above 1. Values of Pe S range from 3.4 to 17.7 (using the hydrodynamic radius and the relevant drying temperatures), and Pe L /Pe S = R L /R S . Consequently, the polymer particles and AuNPs are both predicted to accumulate at the top surface during drying. Furthermore, according to the model developed by Cardinal et al.,
27 the sedimentation of particles on the time scale of drying is not significant in the experiments reported here.
SEM analysis of the surfaces of the films shows that periodic grid-like structures are formed over a range of evaporation rates obtained under NIR radiation for three sizes of polymer particles (mean diameters of 147, 261, and 338 nm). (See Figure S2 in the Supporting Information.) As Ėis increased, the quality of the periodic ordering, determined from quantitative image analysis, likewise increases. (See Figure S3 in the Supporting Information.) The same positive correlation between the structure ordering and the evaporation rate was obtained for all three particle size ratios (32.5:1, 25.1:1, and 14.1:1). A simple geometric argument ). The spectra for films normally dried in the ambient atmosphere (---, Ė= 1.1 × 10
) and slowly dried under high humidity (···, Ė= 3.2 × 10 −9 ms 
Article shows that small particles can pass through the holes in a plane of a close-packed array of larger particles, 26 provided that the latter are larger by a factor of − ≈ − (2/ 3 1) 6.5
1 . However, for particle blends with a size ratio of 14.1:1, the ring-like structures of the nanogrid are found only with evaporation rates above ca. 1 × 10 −6 m s −1 ( Figure S2 ). At lower rates, the AuNPs appear only in subsurface interparticle spaces. For this blend, in which there is a greater geometric restriction, a faster evaporation rate is required for the AuNPs to be forced to the surface.
The surface structures of normally dried films, which lacked any strong optical extinction, were also examined. In this experiment, Pe S is ca. 1, which is the tipping point below which the AuNPs will not accumulate at the top of the drying film. To achieve the lower evaporation rate, the dispersion was dried at room temperature, which is below the glass transition temperature, T g , of the polymer. Hence, the polymer particles are not deformed from their spherical shape, and they do not coalesce. A representative SEM image ( Figure S4a , Supporting Information) shows that only a small number of AuNPs are seen on the film surface, appearing in the images as small bright spots. With slow drying, achieved under high humidity, Pe S takes a low value of 0.03. In this regime, AuNPs appear only in a few isolated domains and in chains along colloidal crystal boundaries ( Figure S4b ). Nanogrid structures do not develop. The Au concentration profile with a normal evaporation rate shows AuNP depletion in the first micrometer beneath the surface and then approaches the expected bulk concentration. (See the RBS analysis in Figure S4c of the Supporting Information.) With slow drying, there is a very low concentration of Au at the surface, and it gradually increases in concentration over a depth of 4 μm into the surface. Only in the high-Pe regime obtained with NIR heating are the AuNPs found to accumulate in a nanogrid array at the top surface.
Simulations of the Structure Formation during Drying. We use Langevin dynamics simulations for particles in a solvent to explain the formation of the nanogrid of AuNPs. The Supporting Information provides details of the simulations. We model evaporation by a moving wall that pushes the particles toward the underlying substrate. Figure 2a −e illustrate the evolution of the system for a blend of large and small particles with a size ratio R S :R L = 32:1 (similar to our experiments). Both species accumulate at the air/water interface, but the large particles form crystalline layers, while the small particles fill the interstitial spaces. The crystal of large particles grows downward from the surface, while the thickness of the layer of small particles also increases with time (see Figure S5 in the Supporting Information). The small particles move readily through the voids between the large particles to reach the top surface. This is clear in Movie 1 in the Supporting Information. One can think that the downward moving crystal acts as a "sieve" for the small particles, which move up through the holes in the sieve, to create the periodic nanogrid array shown in Figure 2f , which appears very similar to the experimental structure in Figure 1c .
Our simulations neglect the forces due to the hydrodynamic flow of the evaporating water, but we obtain very similar nanostructures in experiment and simulation. The nanogrid appears to be a robust result, which is insensitive to flow forces. Our mechanism simply relies on particles of both sizes being pushed toward the surface. The downward movement of the air/water interface and the flow forces both push the particles in the same way.
Control of Surface Topography via the Evaporation Rate. With the aim of explaining the difference in the optical properties when the evaporation rates are changed, the surface structures were examined quantitatively by atomic force microscopy (AFM). In the AFM images presented in Figure 3a −c, the surface morphology of the films is seen to change from a convex to a concave structure as the evaporation rate is increased. The transition in the surface morphology is attributed to the increasing velocity of the downward moving sieve, consisting of the close-packed polymer particles. The evaporation rates set the velocity at which the sieve drops downward. At a low velocity of the sieve, the AuNPs are pushed through the holes in the sieve and start to fill the interparticle spaces between the dome-like polymer particles (Figure 3a) . When the velocity of the 
Article downward moving sieve is increased, the AuNPs start to pile up on the film surface and exceed the level of the domes of the polymer particles (Figure 3b) . Finally, at the highest velocity, the AuNPs crystallize into the truncated triangular-like shapes that are connected by bridges (Figure 3c ), as were already shown in Figure 1b , resulting in a protruding grid nanostructure.
The corresponding 2D line traces are shown in Figure 3d . Here, the peak-to-valley height, PV, is defined as the difference in the height at the polymer particle center and at the polymer particle boundary. A positive PV is obtained for the convex structure formed by the domes of the polymer particles, and a negative PV arises from the concave honeycomb structure with the AuNPs protruding from the surface. As a means to quantify the changes in the surface morphology, PV is plotted as a function of evaporation rate (see Figure 3e) . As can be seen in this figure, PV decreases continuously with increasingE. Faster evaporation rates lead to the AuNPs being pushed higher above the polymer particle surface. At slower evaporation rates, the sieve effect is weaker, and perhaps there is less upward flow. Hence, AuNPs are not pushed through the interstices of the larger polymer particles. These observations of the changing surface morphology present interesting routes to tailor the surface properties of a highly ordered nanostructure simply by changes in the evaporation rate and without the need for any sophisticated equipment or multiple processing steps.
An important finding is that with the fastest evaporation rates achieved with NIR heating, the arrays of AuNPs protrude upward from the surface. In turn, the protruding nanogrid structure is a requirement for the observed optical signatures, which are described in detail next.
Optical Response of Nanogrids. The optical properties of the optimized nanogrid structures were investigated using broadband angle-dependent spectroscopy and optical microscopy. The optimized samples correspond to the structures that were dried rapidly, with the highest evaporation rate of Ė= 2.08 × 10 −6 m s −1 . A microscope spectrometer setup was used to map the reflection across an area of 20 μm × 20 μm. In these scans, an area including both the nanogrid structure and grain boundaries was selected when viewing with a CCD camera. The dark-field image, obtained with this camera, is presented in Figure 4a . The grain boundaries can be easily identified through the strong reflection of the incident white light; the scanned area is indicated by the red box. The scans were performed at three fixed wavelengths of 570, 750, and 890 nm. These wavelengths of interest were selected because they are close to the maximum peak positions in the extinction and reflection spectra in Figure 1a . The reflection map for λ = 570 nm shows generally a weak reflection except for some regions in the grain boundaries (Figure 4b ). At λ = 750 nm the overall reflection starts to increase, as can be seen in Figure 4c . At λ = 890 nm, only the hybrid structure shows a strong reflection (Figure 4d) .
Spectroscopic information was collected at two spots in the 2D image corresponding to the center of the hybrid colloidal crystal/ nanogrid domain and the grain boundary. Good agreement is obtained between the microscopic spectra of the hybrid and the macroscopic UV−vis spectra (Figure 1a ) in the positions of the peaks. Differences are visible in the values for extinction intensities. These differences can have their origin in the difference in collection angles for the UV−vis and the microscopy setup, the 
Article latter collecting a larger fraction of near-forward scattered light. Figure 4e and f show that the extinction spectrum with the two peaks is characteristic for the hybrid crystal structure. Also the reflection spectrum shows a sharp peak (with a center wavelength of λ max = 890 nm) only for the hybrid structure.
The position of the first-order stopband for the opal photonic crystal is given by the condition a/λ ≈ 0.6, where a = √2d is the lattice period, with d = 2R L , the colloidal polymer particle diameter. With d = 338 nm, the stopband is expected at 797 nm. The position for the photonic reflection from the hybrid structure is red-shifted (by ca. 100 nm) compared to the expected value for the bulk because of the higher index of the nanovoids filled with AuNPs, which is in agreement with previous studies on AuNP-infiltrated opal photonic crystals. 28, 29 Also, because the AuNP infiltration is not uniform in depth, the gradient in the effective index is expected to be responsible for some of the broadening observed in the experimental peak. The position of the absorption band around 590 nm agrees well with the expected absorption band of closely packed AuNPs that is redshifted compared to the response of individual particles due to the strong dipolar interactions and aggregation effects. 29 The origin of the second absorption feature around 750 nm is related to the array periodicity, as can be observed when changing the size of the nanogrid via the polymer particle size (see Supporting Information Figure S7 ). The peak can be attributed to the appearance of an additional stopband of the opal, mediated by the high permittivity of the AuNP effective medium. 30 Plasmonic Resonances of the AuNP Nanogrid. The optical response of the AuNP nanogrid is very complex. Contributions are expected from a variety of light−matter interaction mechanisms, which strongly depend on the connectivity and geometry of the metallic constituents, ranging from (semi-) continuous plasmonic networks to isolated nanoparticles. 28−37 When dilute suspensions of AuNPs begin to aggregate, the nature of the collective electronic resonances giving rise to the plasmonic response changes dramatically, and for a fully aggregated system, a red-shifted extinction peak is expected to dominate the spectral response. 31 The detailed electromagnetic properties of the tightly packed AuNP aggregate are strongly dependent on their size and packing ratio as well as on the dielectric background surrounding the particles. 32, 33 In addition to the single-NP plasmonic resonances and the coupled plasmon modes induced by the hybridization of the NP resonances, we expect contributions from the localized plasmons formed in the metallic voids surrounding the polymer template and delocalized Bragg-like plasmons propagating in the three-dimensional Au network. 34−38 The plasmonic response is then modulated by the photonic stopbands of the underlying photonic-crystal polymer template. 30, 35, 39 Because of the multiple length scales involved and the complexity of the dielectric function, numerical simulations of the exact system configuration are not feasible. We have modeled the AuNP nanogrid as a homogeneous medium with an effective dielectric constant defined by a renormalized Maxwell Garnett approach. 40 This method allows the description of ensembles of resonant plasmonic particles even at high filling ratios and is in good agreement with direct finite difference time domain (FDTD) simulations. 40 The modeling of the effective permittivity of the Au is described in the Supporting Information (Figures S8 and S9) .
We have performed FDTD simulations, shown in Figure 5 , to explore the plasmonic response of the structure. Figure 5a shows the results for the simulated reflection, transmission, and absorption through the structured nanogrid material. The reflection spectrum presents a number of peaks associated with the microstructured-Au layer reflectivity (around 630 nm, which matches the maximum of the effective index of refraction of the Au for large filling ratios), the emerging full band gap of the Au inverted opal structure (around 780 nm), and the expected Γ−L stopband (870 nm). The reflectivity also shows the characteristic finite-system oscillations (as the simulated opal structure consists of 12 layers). While the overall shape and peak position are in good agreement with the measurements in Figure 4e and f, we note that the predicted reflection peaks at 630 and 780 nm appear only as weakly defined shoulders in the overall measured reflectivity.
This smearing of the measured reflection peaks is attributed mainly to the imperfections in the fabricated structure and the relatively small size of the system that was simulated. As is expected, the emerging full photonic band gap associated with the peak at 780 nm is affected the most. This is because the full band gap is a higher order gap, which opens between the eighth and ninth bands of the inverted opal structure and is strongly affected by small-scale fluctuations in the dielectric structure. Our observations are in line with those found for the nanoparticlebased metallodielectric inverse opals described by Wang et al. 
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The absorption spectrum presents a broad peak in the lower part of the spectrum induced by the hybridized NP resonances and bulk Au absorption and a second major peak at around 700 nm. The origin of the second peak is related to a structuringinduced plasmonic relaxation, as is confirmed by the electric field distributions shown in Figure 6 . In this case, the flatness of the photonics bands associated with the emergent photonic band gap causes a strongly reduced group velocity. 37 The subsequent slow-light effects result in a strong enhancement of the plasmonic absorption, similar to effects found in previous works. 37, 40 The extinction spectrum in Figure 5b displays two major peaks, at 550 and 696 nm. Although it has an overall shape and peak 
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Article position similar to the measurement in Figure 4e , the peaks are blue-shifted due to the approximations made when evaluating the effective Au dielectric permittivity.
We have also analyzed the electric field distribution in the Au nanogrid structure. Figure 6 shows the squared magnitude of the electric field at 550 and 696 nm for three different depths inside the structure: 30 nm in the protruding nanogrid above the opal structure, 120 nm inside the first layer of the inverted opal, and 1050 nm at the bottom of the third layer of the inverted opal. The field distribution for the peak at 550 nm suggests a delocalized mode with the electric field modulated along the inverted opal structure, which is consistent with the excitations of the hybridized AuNP resonances throughout the Au fraction. In contrast, the distribution of the field for 696 nm suggests a strongly localized mode with well-defined hot spots. As the depth of the observation is increased, the Au filling is reduced and eventually the field becomes more uniformly distributed. Furthermore, the tightly localized field for the 696 nm mode is strongly affected by the structure filling fraction. In the absence of a well-defined, tightly packed protruding AuNP layer, it vanishes, which is consistent with the experimental findings (Figures 1a and 4e) . The protruding AuNP nanogrid structure is found only in experiments using the faster evaporation rates, and it is only these structures that exhibit two extinction peaks. To conclude, the overall optical response of the structure is determined by both the nanoengineering of the Au effective dielectric permittivity and the microstructuring of the inverted opal structure. Our simulations support the key experimental finding of two extinction peaks.
CONCLUSIONS
We have developed a simple and fast method of colloidal self-assembly to fabricate a hybrid structure of a quasi-2D array of Au nanoparticles on a 3D opal structure. We use a horizontal deposition process assisted by NIR radiation to achieve the required fast evaporation rates. The strongest optical extinction, which is associated with the greatest level of order and a protruding Au nanogrid, arises from the fastest evaporation rates. Langevin dynamics simulations reveal that, with fast evaporation rates when the particles are swept up by the falling meniscus, the Au nanoparticles pass through the interstitial spaces of the larger polymer particles. The use of NIR radiative heating not only leads to very short fabrication times (about 7 min) but also yields unusual optical spectra. With simulations, we trace the double peaks in the measured extinction spectra to elementary plasmonic resonances compounded by the optical response of the supporting opal structure. The optical properties can be tuned through the power density of the NIR radiation used to speed the evaporation rate. Our method overcomes the time limitations of a conventional horizontal deposition method while being low-cost and possible to apply over areas greater than several cm 2 .
METHODS
Synthesis of the Particles. In the synthesis of AuNPs all chemicals were purchased from Sigma-Aldrich and used without additional purification. The well-established Turkevich method 41 was used. A 100 mL amount of a 1 mM NaAuCl 4 aqueous solution was brought to the boil, followed by the addition of 5 mL of a preheated trisodium citrate aqueous solution (2 wt %) under vigorous stirring. After 5 min the color of the reaction solution turned to a characteristic red. The stirring was slowed, and the mixture was boiled for a further 15 min before cooling to room temperature.
To enable the purification of the AuNPs by centrifugation and to increase the stability of the dispersion against aggregation, the nanoparticles were coated with bis(p-sulfonatophenyl)phenyl-phosphine dihydrate dipotassium salt (BSPP) by a ligand exchange reaction. 42 To 100 mL of a dispersion of the original citrate-coated AuNPs was added 50 mg of BSPP. After stirring for at least 4 h, the reaction mixture was passed through a 0.45 μm filter (Millipore). A saturated sodium chloride solution was added to the AuNP dispersion until the color changed from red to blue, indicating the formation of aggregates. The dispersion of the aggregates was centrifuged for 10 min at 5000 rpm. The supernatant, containing the excess BSPP, citrate, and sodium chloride, was discarded. The black precipitate was redispersed in 1 mL of purified water and sonicated. The concentration of the final AuNP dispersions was determined using the method by Haiss et al.
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A dispersion of the acrylic copolymer particles was synthesized at AkzoNobel Decorative R&D (Slough UK). The particles, composed of a copolymer of methyl methacrylate, butyl acrylate, and methacrylic acid (in a ratio of 18.3:13.3:1 by weight), were made by semicontinuous emulsion polymerization using an anionic, ethoxylated alcohol surfactant (Rhodafac RK500A, Rhodia) with ammonium persulfate as the initiator. In previous work, we reported the evaporation-driven transport in blends of AuNPs and these polymer particles, in the direction parallel to the substrate. 22 Characterization of the Particles. The true diameter, d, of the AuNPs was determined by transmission electron microscopy (TEM) with a FEI Technai 12 microscope operated at 80 kV. The true diameter of the acrylic copolymer particles was determined by SEM with a JEOL 7100F field-emission scanning electron microscope operated at an accelerating voltage of 3 kV. The hydrodynamic diameter, d hyd , was measured by dynamic light scattering using a Malvern ME11 Zetasizer Nano ZS. The same instrument was used to measure the zeta-potential (ζ-potential) of the particles. The glass transition temperature, T g , of the dry polymer particles was 37.9°C measured by differential scanning calorimetry (Q1000, TA Instruments). The results of the particle characterization are summarized in Table 1 . The values for the true diameter, d, are always lower than the hydrodynamic diameter, d h , because the latter is related to the effective size of the diffusing object.
Film Preparation and Drying. The films were prepared by casting aqueous polymer/AuNP blends with a micropipet on clean microscope glass coverslips (18 mm × 18 mm) or appropriately sized square pieces of a silicon wafer. In all experiments, the initial film thickness of the wet film, H, was 900 μm and the initial volume fraction of the solid polymer was 4.4%, so as to obtain a film with a final thickness of 40 μm. The volume fraction of the AuNPs in the dry films was fixed as 0.32 vol % in all experiments. The films were dried under one of three different types of condition: (1) "rapid drying" through radiation with a near-IRemitting lamp, (2) "normal drying" at room temperature and in static air (T = 21°C, RH = 50%), leading to Ė= 1.1 × 10 −7 ms −1 , and (3) "slow drying" in a high-humidity atmosphere (T = 23°C, RH typically >95%), leading to Ė= 3.2 × 10 −9 ms −1 . A chamber, made of acrylic sheets, was used to create the highhumidity environment. A beaker filled with water on a hot-plate (at 40°C) was placed inside the box in order to create a high-humidity atmosphere. A small rotary fan was placed beneath the ceiling of the box to prevent condensation of water. With this setup, an atmosphere with a relative humidity of >95% was created inside the chamber, resulting in a film drying time of 6 days. To measure the evaporation rate of water, a digital balance (interfaced with a computer to record data) was used inside the chamber. 
acrylic copolymer 338 ± 5 400 ± 6 −69 ± 1 acrylic copolymer 261 ± 5 307 ± 6 −68 ± 1 acrylic copolymer 147 ± 6 174 ± 1 −67 ± 1 10 nm AuNPs 10.4 ± 1 21.1 ± 1 −50.4 ± 2
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Article NIR Radiation-Assisted Drying and Evaporation Rate Determination. For fast drying, the wet films were placed beneath a 250 W near-IR-radiation-emitting lamp (model 470 IR, Interhatch). The experimental setup is shown in Figure S10 . The wet films were placed with a certain distance, d L , from the near-IR lamp on a heat-shielded balance and with a thermocouple inside to record changes in mass and temperature over time. The gravimetric measurement recorded an evaporation rate, E, in units of mass per unit of time per area of the film (found from the slope in Figure 7a ). An evaporation rate expressed as a velocity, E, is obtained by dividing E by the density of the liquid water, ρ (1000 kg m −3 ), and the surface area, A, to give Ė= E/(ρA). Figure 7b shows the evaporation rate increasing as the power density of the infrared radiation, P IR , increases. This parameter was increased by decreasing d L , as is shown in Figure 7c . The Pećlet number depends on the Stokes−Einstein (SE) diffusion coefficient, D S , which, in turn, is a function of the temperature, T, via the SE equation. For the estimation of D S , an average temperature, T av , which is defined as the mean of all temperatures obtained at times between t = 0 and the drying time, was used. T av increases with P IR , as shown in Figure 7d . The dashed line shows the glass transition temperature, T g , of the polymer particles. T av is always higher than T g , which enables the formation of a hard, cohesive film via particle coalescence. 44 Characterization of Hybrid Nanogrids. Scanning electron microscopy was conducted on a field-emission electron microscope (JEOL 7100F FE-SEM). All samples were coated by a thin layer of carbon (>20 nm, in an Edwards Auto 306 coater) to increase their electrical conductivity. In the standard procedure, the SEM was operated with an accelerating voltage of 10 kV. When the AuNP concentration on the film surface was low, the acceleration voltage was reduced to 5 kV in order to prevent charging effects and damage by the electron beam.
Atomic force microscopy images were obtained on an NTEGRA microscope (NT-MDT) in intermittent contact mode in air, using a silicon cantilever with a spring constant in the range from 10 to 130 N/m and a nominal resonant frequency of 275 kHz. UV−vis−NIR spectroscopy was performed using a commercial spectrometer (Cray 5000, manufactured by Varian).
Rutherford backscattering spectrometry was conducted at the Surrey Ion Beam Centre using a 2 MV Tandetron accelerator (High Voltage Engineering Europe). A 5.5 MeV 7 Li 2+ beam with good depth resolution was used for detailed structure analysis of the surface up to 4 μm deep. The scan size was more than 1 mm 2 with a spot size of ca. 10 μm. The particle detector and X-ray detector were placed at an angle of 163°and 135°, respectively. 45 To reduce the RBS data, the DataFurnace code 46 was used with the software NDFv9.5f to fit the data. 47 Microscopic UV−vis−NIR spectroscopy (transmission and reflection) was performed using the output power of a 2 W broadband supercontinuum laser (Fianium) as a light source. The light beam was coupled into a subtractive-mode double prism monochromator to select a narrow wavelength range of a few nanometers. To focus the output of the wavelength selector on the sample surface, the light beam was coupled into a near-infrared objective lens (Mitotoyu Plan Apo NIR, 100×, NA 0.5). The transmitted or reflected beam was collected by photodetectors for the visible (Si) and near-infrared (InGaAs) ranges. A closed-loop piezo-stage was used to move the sample through the focused beam in order to obtain a 20 μm × 20 μm 2D transmission or reflection map of the sample.
Macroscopic UV−vis−NIR spectroscopy was performed using a commercial spectrometer (Cary 5000, manufactured by Varian) with a beam having a 1 mm diameter.
Langevin Dynamics Simulations. Langevin dynamics simulations used the LAMMPS simulation code 48 customized to consider the downward moving water/air interface by modeling it as a soft wall. The parameters in the simulations were chosen to agree with the experiment; there were 2 × 10 5 particles with a number ratio N S :N L = 212:1 and a size ratio R L :R S = 32:1. The contact angle of the particles at the water surface was taken to be θ = 75°. Other technical information is provided in the Supporting Information.
Simulations of Optical Properties of Hybrid Nanogrids. A finite-difference time-domain simulation was implemented using Lumerical Solutions software (FDTD solutions) to perform transmission and reflection calculations. The polymer opal was modeled as a 12-layer FCC lattice of spheres with a refractive index of 1.47, particle radius of 169 nm, and FCC lattice constant of 478 nm. The structure depth was set to approximately 3600 nm to balance accuracy with computational cost. We used a nonuniform mesh with a Lumericaldefined mesh quality factor of 8 (maximum), and the Au populated regions were meshed separately with a resolution of 1 nm. The protruding nanogrid structure was constructed by etching down with a triangular layer of closed-packed spheres aligned to the top layer of polymer spheres through a 40 nm thick Au layer placed on top of the polymer opal. The structure is shown in Figure S9 .
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